The concentrations and application methods of elastase in the rabbit aneurysm model were optimized to control the initiation of aneurysms and to cause rupture in a stepwise, controlled fashion. The common carotid artery of male Japanese albino rabbits was exposed. No aneurysm was generated if the adventitia was not dissected. After gentle removal of the adventitia, a two-fold dilution series of elastase was applied to the lesion and observed over a period of 2 hours. Various stages of aneurysmal lesions, from spindle-shaped enlargement to rupture, were produced in proportion to the elastase concentration. Application of elastase stock solution (5 U/mg of type I porcine pancreatic elastase) resulted in rupture within 30 minutes in all six animals. Elastase 1:2 solutions caused oozing in all animals, but subsequent rupture in only three of six animals. Histological examination found serious destruction of the internal elastic lamina and media, with expansion of the very thin wall. Elastase 1:4 to 1:16 solutions caused spindle-like distention of the entire artery and the development of tortuosity at the lesion. Elastase 1:32 or weaker solutions caused only localized dilatations. Overall, the destruction of the tunica media became less severe with decreased elastase concentration. Furthermore, the bursting pressure of the aneurysms decreased with increasing elastase concentrations. In particular, aneurysms produced by the elastase 1:2 solution ruptured at less than 150 mmHg, whereas aneurysms induced by the elastase 1:4 or weaker solutions did not rupture within the physiological range of blood pressure. The present aneurysm model requires shorter preparation time and enables accurate control of aneurysm development and rupture.
Introduction
Rupture of a cerebral aneurysm leads to the catastrophic consequences of subarachnoid hemorrhage, so unruptured aneurysms are now frequently treated in Japan. 20, 24) However, neither the mechanism of development and growth nor the process leading to rupture of cerebral aneurysms has been clarified. Consequently, the clinical problems of how to prevent the development of cerebral aneurysms and how to predict rupture remain unresolved. 27, 28) Various animal experimental models have been established to elucidate the mechanisms of initiation, growth, and rupture of cerebral aneurysms. 1, 3, 6, [11] [12] [13] [14] [15] 18, 19, 23, 28) A widely used model consists of aneurysms which are surgically created by suturing a vein pouch onto an arterial bifurcation or the artery. 11, 23) This model is reproducible and easy to implement, but the surgically created aneurysms are histologically different from natural aneurysms and can be used only for limited purposes. Aneurysms that histologically resemble human cerebral aneurysms can be produced by the simultaneous loading of hemodynamic stress and inducing the vulnerability of blood vessel walls. [13] [14] [15] This model indicates that hemodynamic stress and vulnerability of the blood vessel wall are both important in the development of aneurysms. However, this experimental model may be used only for limited purposes because the timing 7, 15, 25) In addition, elastase and various matrix metalloproteinases may damage arterial walls. 2, 4, 5, 9, 16, 22) The increase of elastase concentration in the plasma and the aneurysm wall in patients with cerebral aneurysms supports the hypothesis that digestion of vascular walls by such proteases is centrally involved in the development of aneurysms. 4, 10, 21, 26) Elastase has been used to produce models of abdominal aortic aneurysm and rabbit carotid aneurysm. 1, 8) In particular, a model of aneurysms at arterial bifurcations possesses histological characteristics similar to those of human saccular aneurysms, and can be developed and ruptured rapidly. 18) The features of this model are very advantageous in aneurysm research, although the development and rupture of aneurysms are not clearly reproducible.
The present study optimized the concentrations and application methods of elastase in the established experimental model 18) to enhance the ease and accuracy of aneurysm development and graded control of rupture.
Materials and Methods

I. Induction of aneurysm model
The common carotid artery (about 3 cm in length) of male Japanese albino rabbits (3-5 months old, body weight 2.8-3.2 kg) was exposed under anesthesia with Nembutal (30 mg/kg, intravenous injection; Dainippon Pharmaceutical Co., Ltd., Osaka). Elastase solutions (type I, from porcine pancreas, 9.7 mg protein/ml, 5 U/mg; Sigma Chemical Co., St Louis, Mo., U.S.A.) were prepared by serial two-fold dilution from the stock solution from 1:1 to 1:128 with physiological saline. Selective removal of the adventitia was performed by a meticulous microscopic technique to produce a small, reddish bulge on the vessel wall. The adventitia should be excised gently using forceps rather than micro-scissors to avoid injury to the tunica media or tunica intima, resulting in sudden rupture and vigorous bleeding. A 1-mm 2 Bemsheet (Kawamoto Corporation, Osaka) with 50 ml of adsorbed elastase was applied to the normal adventitia, and to adventitia-dissected areas for 10 minutes. Microscopic observations were carried out, and the time from elastase application to rupture was measured. If the aneurysmal lesions did not rupture, observation was continued up to 2 hours after elastase application. At the termination of observation, the aneurysmal lesion was removed for histological examination by light and scanning electron microscopy. For light microscopy, the preparation was perfusion-fixed with formalin and stained by hematoxylin-eosin and elastica van Gieson. We followed the same protocol for four to six animals for each elastase concentration. For scanning electron microscopy, the tissue was fixed by perfusion with glutaraldehyde, washed with phosphate-buffered saline (0.1 M), refixed in osmium tetroxide, dehydrated and dried, and observed after sputter coating with platinum. This process was performed in three animals with elastase 1:2 and 1:32 solutions.
II. Forced rupture tests
Forced rupture tests were performed according to the reported method for the rabbit aneurysm model established by the adventitia-dissection method. 17) The common carotid artery was exposed and elastase 1:2, 1:4, 1:8, and 1:16 solutions were applied at a relatively distal site. The application period was 10 minutes for elastase 1:2 and 1:4 solutions, and 1 hour for more dilute elastase solutions. After elastase application, a 22-G catheter was inserted from 2 cm up to about 1 cm proximal to the application site, and fixed with a silk-thread ligature to prevent blood flow. A Y-connector was attached to the catheter. One end was connected through an extension tube to a 20 ml syringe containing physiological saline mixed with Evans blue, and the other was connected to a pressure-measuring device. After washing out the blood in the arterial lumen with saline, the distal tip of the lesion was tied with silk thread. Evans blue-containing saline was injected with a pump at 0.1 ml/min until the aneurysm ruptured, and the pressure at rupture was recorded as the bursting pressure (Fig. 1) .
Results
I. Macroscopic findings
No aneurysm was produced by application of elastase to the adventitia of the arterial wall, regardless of enzyme concentrations. Various stages of aneurysm were induced by application of elastase to adventitia-dissected areas, ranging from spindleshaped enlargement of the whole vessel to localized protrusion followed by rupture. The observed stages correlated well with the gradual decrease in enzyme concentrations. Application of elastase 1:1 solution resulted in localized protrusion on the site of adventitia dissection, from which blood initially seeped. Rupture then occurred within 30 minutes in all six animals. The elastase 1:2 solution also caused protrusion of the adventitia-dissected region and oozing in all animals, but subsequent rupture was observed in only three of six animals. The elastase 1:4 to 1:16 solutions caused spindle-like distention from the adventitia-dissected region of the entire artery, and the common carotid artery kinked at the lesion. Some of these lesions showed blood oozing. However, no rupture developed within 2 hours of application. Only localized dilatations were seen with elastase solutions of 1:32 or weaker. These findings are summarized in Table 1 and Fig. 2 .
II. Histological findings
Application of elastase 1:1 or 1:2 solution caused serious destruction of the internal elastic lamina and the media at the adventitia-dissected areas. Application of elastase 1:4 or more dilute solutions caused destruction and thinning of the internal elastic lamina, medial elastic fiber, and smooth muscle cell layer over the entire surface of the vessel. This destructive lesion became more localized and less invasive at more dilute elastase concentrations (Fig. 3) . Scanning electron microscopy of the lesion caused by elastase 1:2 solution demonstrated structureless media, fibrin thrombi, and infiltration of leukocytes into the tunica intima. Similar findings, although less prominent, were caused by elastase 1:32 solution (Fig. 4) .
III. Forced rupture tests
The bursting pressure of the aneurysms increased with the application of decreasing concentrations of elastase. The aneurysms produced by the elastase 1:2 solution ruptured at a blood pressure of less than 150 mmHg, whereas aneurysms induced by elastase 1:4 or more dilute solutions ruptured at around 500 mmHg, outside the physiological range Elastase-Induced Aneurysm Model ( Table 2 ). The bursting pressure of vessels with excised adventitia was 1000 mmHg or more, but the maximal limit pressure could not be determined in our experimental system.
Discussion
The present study improved the previous aneurysm model, 18) in particular the limitations in reproducibility of aneurysm rupture. Specifically, the required concentrations of elastase were established to develop and rupture the aneurysm easily and with greater certainty.
Elastase can be applied from the intimal side 1, 3, 6, 19) or the adventitial side. 12, 18) The separation of vessels is necessary to apply elastase to the tunica intima after converting a blood vessel, which is a complicated procedure and cannot be applied to living animals. 1, 19) The enzyme may also be applied to the lumen after blocking the blood flow, which results in spindle-shaped extension of the vessel because localized application is impossible. 3, 6) The present model 18) applies elastase from the adventitial side, which facilitates manipulation. However, elastase applied over the adventitia did not induce an aneurysm of the lateral wall of the common carotid artery, possibly because the enzyme could not reach the media due to the external elastic lamina covering the thick adventitia in the carotid artery of the rabbit. 18) Aneurysms can be developed at the thyroid arterial bifurcation, where the arterial wall thins, but not at the common carotid arterial bifurcation, suggesting that the development of aneurysms is dependent on the thickness of the adventitia. 18) We found that a small bulging of the vessel wall was consistently induced by partial dissection of the tunica adventitia before elastase application. Previous experiments showed that external mural excision of the adventitia of the common carotid artery developed aneurysmal lesions in two thirds of rats, but selective removal of the media failed to develop aneurysmal lesions in the chronic stage. 29) Elastase produces aneurysms, but collagenase causes the rupture of blood vessels without protrusion. 8) Therefore, collagenase is essential for injuring the adventitia of the arterial wall whereas only elastase is not sufficient. These findings suggest that the tunica adventitia is important in maintaining the strength of the vascular wall, and destruction of the internal elastic lamina and smooth muscle layer is essential to the development and growth of aneurysms. We demonstrated that dissection of the adventitia before application allowed the elastase to penetrate into the tunica media and then into the tunica intima, resulting in lysis of the internal elastic lamina. Consequently, blood vessels lost their normal morphology in both the longitudinal and transverse directions, and became locally swollen and serpiginous. The various stages of these pathological changes culminating in rupture of the lesion were produced by different concentrations of elastase. High concentrations of elastase caused the arterial wall to thin rapidly and protrude locally, and then blood oozing led to rupture. Low concentrations of elastase also induced protrusion of the arterial wall and local oozing, but not rupture.
Histological examination of these aneurysms demonstrated acute inflammatory reactions, including cellular infiltrate consisting of polymorphonuclear leukocytes and necrosis, which were presumably related to the enzymatic destruction of mural elements and subsequent aneurysmal dilatation. These findings differ from the essential histological features of natural aneurysms, such as abrupt termination of the tunica media and internal elastic lamina at the margin of the saccular orifice, as well as absence of inflammatory reaction. Therefore, this aneurysm model is considered to result from trauma through a proteolytic process.
Our forced rupture study revealed that thin and fragmented arterial walls could tolerate an intraarterial pressure up to 500 mmHg. However, a twofold increase in elastase solution concentration consistently induced aneurysm rupture. This experimental result suggests that the aneurysm wall is digested by various proteases, which leads to the final rupture, rather than thinning of the aneurysm wall as the arterial pressure mounts and rupture like a bulging balloon. This interpretation is consistent with the findings that elastase and various matrix metalloproteinases increase in the plasma and the aneurysm wall of patients. 4, 26) Deficiency of a1-antitrypsin, an inhibitor of these enzymes, is also reported. 10, 21) The matrix metalloproteinases found in the aneurysm wall possess both elastase and collagenase activities. 2, 9, 16, 22) Collagenase activity may be necessary for the damage to the adventitia of the arterial wall that ultimately leads to rupture, K. Sasaki et al.
whereas elastase may digest the arterial wall, causing a balloon-like dilatation.
The aneurysm model established in this study has the advantages of easy and rapid preparation, and can accurately control aneurysm development and rupture. Thus, the model is useful for the assessment of therapeutic efficacy of wrapping and coating materials.
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aneurysm research. In addition to the topical application of elastase, the authors decreased the pressure threshold of the arterial wall by removing the adventitia to induce aneurysms more consistently than in the Miskolczi's model. This model is basically a traumatic model and serves as a model for clarifying the mechanism of traumatic aneurysm formation or for evaluating the therapeutic efficacy of wrapping and coating materials. The authors have thus developed a new rabbit model of aneurysm formation. However, it is desirable to evaluate the histological changes more precisely and/or to quantify the elastolytic activity within the arterial wall.
